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PrintingIn this work, biobatteries assembled using roll-to-roll screen printed enzymatic electrodes were charac-
terised in terms of their electrical performance and storage stability. The enzymes and mediators used on
the anode and cathode were glucose oxidase with ferrocenemethanol and laccase with ABTS, respec-
tively. This study shows that besides rheological properties of enzyme inks used for the printing of the
biobattery electrodes also adhesion of these electrodes to the printing substrate can be adjusted by vary-
ing the amount and composition of the binder in the ink. Another important observation is that the
mediator has a strong impact on both the performance and the stability of the anode electrode.
Consequently, electrochemical performance of biobatteries can be enhanced by adding fresh mediator
into the battery during activation or by some other method preserving the activity of the mediator.
Hence, this study discusses and sheds light on important practical aspects for up-scaling production pro-
cess of biobatteries and also other printed bioelectronics.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction principle of SPB is very simple; there is no voltage or current inPrinting of enzymes on paper or cardboard can add valuable
functionalities to the substrate. These functionalized paper-based
products could be used in low-cost diagnostics [24,53], indicators
[7,9,41] or bioelectronics. In bioelectronics the functionality of
the device is typically based on catalytic reactions of enzymes or
afﬁnity sensing due to formation of speciﬁc antigen–antibody com-
plexes [48]. Typical examples of bioelectronic devices are potentio-
metric and amperometric biosensors [6,10,21], and enzymatic
power sources [5].
Traditional amperometric biosensors require an external power
supply for the signal-reading because the current generated in the
detection reaction of the sensor is measured at controlled potential
versus reference electrode. However, power supplies (e.g. batteries)
are difﬁcult tominiaturise. In addition, sensor designs allowing easy
replacement or recharging of the battery are bulky. Another chal-
lenge in designing amperometric biosensors is interference current
resulting from nonspeciﬁc redox reactions of other redox-active
species upon application of potential on the working electrode.
In order to solve the challenges described above, biobattery
conﬁguration consisting of two electrodes has been introduced as
a self-powered biosensor (SPB) device [1,18,57]. The operationalthe absence of the fuel, but the presence of the fuel in the anode
induces voltage and current, and thus generates power. The
induced current density and thus the power density are functions
of the concentration of the fuel. Hence, the sensor itself provides
the power for the sensing device when achieving the analytical sig-
nal. Still, in order to make SPBs as commercial products their elec-
trical performance and stability need to be ensured. In addition,
their mass-manufacturability has to be tested, and especially
paper-based biosensors have drawn attention due to their
inexpensive and renewable substrate material and disposability.
Although biocatalysts have been successfully applied on paper-
based substrates possessing many desirable characteristics
(including selectivity, non-toxicity, reproducibility and low-cost),
their marginal stability has prevented or delayed their imple-
mentation for mass-manufacturing. As enzymes are removed from
their natural environment and applied onto a paper-based surface,
their hydration-level, pH and temperature are typically not opti-
mal. For this reason their stability is poor. For an example, Khan
et al. [20] reported half-lives of alkaline phosphatase (ALP) and
horseradish peroxidase (HRP) adsorbed on paper of 22 days and
10 days at 23 C, respectively, whereas ALP incubated at 37 C in
50% glycerol solution is stable at least for 4 weeks and lyophilized
HRP is stable at room temperature for 3 weeks (stability values are
given by the enzyme manufacturers).
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tion of enzymatic bioelectronics. The enzyme activity should be
retained while favouring its electrical connection with the under-
lying conductive electrode material, directly or via a redox media-
tor. It has been seen that the bioelectrochemical interface in
bioelectronic devices plays an important role in the performance
of the device [56]. Immobilisation of enzymes into solid structures
is one of the most used methods for stabilising enzymes [13,29].
This can be done by incorporating enzymes into printable inks
and it is considered as one of the promising approaches for
large-scale manufacturing processes for enzyme-containing elec-
trodes. Hence, modiﬁcation of the enzyme-containing inks in order
to increase the enzymatic stability of the printed layers is an
important challenge. One natural approach is to carefully select
the solvents (usually water) and binders according to the enzymes
used. For an example, Khan et al. [19] reported that water soluble
polymers increased the adsorption of ALP on paper by around 50%
and prevented enzyme desorption/leaching upon rewetting of the
paper compared to non-treated paper. However, they also found
out that the type of polymers affects the thermal stability and
the ageing of ALP on paper, and in their case the thermal stability
of ALP on paper decreased when polymers were used. For this rea-
son, components of enzymatic inks must be chosen carefully.
We have previously demonstrated that biocatalyst-based elec-
trodes can be produced on paper-based substrates by printing
and in large scale [16,17,39,42,44]. In this work, biobattery assem-
blies using roll-to-roll (R2R) printed enzymatic electrodes were
characterised by electrochemical methods. Storage stability was
studied over one month period and optimisation of the printed
anode was done by improving ink formulation. Rheological proper-
ties of enzyme containing inks and adhesion of these electrodes to
the current collector can be adjusted by varying the amount and
composition of the binder in the ink. Moreover, the mediator has
a strong impact on both the performance and the stability of the
anode electrode. Hence, this study reveals important practical
aspects for up-scaling the printing production process of
bioelectronics.2. Material and methods
2.1. Materials
Materials for base inks were graphite powder (<20 lm, Aldrich
282863), polyethylene oxide (PEO, Aldrich 189456), and chitosan
(Sigma 448877). The mediators and enzymes used in the inks were
ferrocenemethanol (FeMeOH, Aldrich 335061), 2,20-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
Sigma A1888), glucose oxidase from Aspergillus niger (GOx, SigmaTable 1
Compositions of enzymatic inks tested. The pilot anode ink 1 and cathode ink were prepared
with permission.
Component Anode ink 1 for the
1st pilot run
Cathode ink for the
pilot run
Experim
anode in
Graphite (g) 25 25 25
PEO (g) (5 wt% in H2O) 18 18 18
Chitosan solution (g) (in
1% acetic acid)
– – 4.3 diffe
concentr
Enzyme (nkat) 40,500 36,700 36,400
Mediator (mg)
[lmol nkat1]
86 [0.01] 217 [0.01] 86 [0.01
Solvent (ml) (ethanol) 0.4 0 0.4
Buffer (ml) 10–12 10–12 –
* Four different chitosan solutions were prepared: 0.5, 1.0, 1.5 and 2 wt% in 1% acetic
** Four different FeMeOH amounts were tested: 0.01, 0.03, 0.05 and 0.08 lmol nkat1G7141) and laccase (EcoL, AB Enzymes Ecostone LCL 45, EC
1.10.3.2), respectively.
Materials for printing process and assembling the cells were
polyethylene (PE) coated cardboard (Stora Enso Classic Bar PE
175 + 15 g/m2), insulator paper (Delfortgroup, Terkab Ilam), cur-
rent collector ink (Peters HAL SD-2843), dialysis membrane
(Medicell International Ltd, visking code DTV12000.11.000), D-glu-
cose (VWR 101176K) and succinic acid (Sigma–Aldrich 398055).
The chemicals were used as received without further puriﬁcation
and distilled water was used in all the experiments.
2.2. Electrode preparation
2.2.1. Inks
A base ink was prepared by mixing graphite and binders (PEO
and chitosan) together in different ratios as described in Table 1.
The enzyme containing inks were prepared by mixing enzyme
and mediator into the base ink. GOx and FeMeOH (dissolved in
ethanol) were used for anode inks and EcoL and ABTS for the cath-
ode inks. 50 mM Na-succinate buffer (pH 4.5) was used to adjust
the viscosity of the ink (Table 1).
2.2.2. Printing and curing
Pilot printing trials were carried out using VTT’s modular ROKO
R2R pilot line (Fig. 1). The printing speed was 2 mmin1 and Gallus
BY/RS Mesh 64 (thickness 200 lm) printing screens were used
with all inks. PE-coated cardboard was used as the printing sub-
strate and the ink was deposited on the PE-coated side. First, cur-
rent collectors were printed using commercial carbon-based ink
and cured on the printing line at 145 C. The enzyme containing
inks were printed as a separate layer (the geometrical electrode
area was 9 cm2) on top of the current collector layers and cured
on the printing line at approximately 70 C. The layers were cured
using three 0.9 m long box ovens; hence the accumulative curing
time was 81 s. The printed cardboard rolls (Fig. 2) were stored at
room temperature. The ﬁrst electrochemical measurements were
performed after 1 week of manufacturing due to transportation
from the pilot printing line to laboratory.
Experimental laboratory printing trials were carried out using a
semi-automatic Kent SP-400 screen printer. The printing substrate
was insulator paper (A4-size) and the screen mesh was NMC EX
31-100. The printed electrodes (the geometrical electrode area
was 12.25 cm2) were dried and stored at room temperature and
characterised on the next day after manufacturing.
2.3. Cell assembly
Printed electrodes were stored at room temperature and cut
from the printing substrate for assembly. As pilot-printedas previously published by Tuurala et al. [42] and the compositions are reprinted here
ental
k 1
Experimental
anode ink 2
Experimental
anode ink 3
Anode ink 2 for the
2nd pilot run
23 25 25
16 35 35
rent
ations*
4 (1.5 wt%) 6.7 different
concentrations*
7 (0.5 wt%)
52,550 25,000 40,550
] Different
concentrations**
54 [0.01] 188 [0.02]
0.4 0.4 0.6
– – –
acid and added into the experimental inks 1 and 3.
(of GOx enzyme).
Fig. 1. Schematic of VTT’s ROKO R2R pilot line. Printing of biobatteries can be seen in a YouTube video clip (https://www.youtube.com/watch?v=DS44BpavARk).
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200 ll of 50 mM Na-succinate buffer (pH 4.5) and 50 mg of glu-
cose. A piece of a dialysis membrane separator (16 cm2) was set
on top of the anode. Cathode (9 cm2) was moisturised with
100 ll of buffer and assembled on top of the anode-separator layer
so that the printed sides of the electrodes were facing each other.
The cell assembly was ﬁxed between planar graphite plates and
the cell was connected to a potentiostat with alligator clips from
the printed current collectors.
As the laboratory manufactured electrodes were assembled,
anode (12.25 cm2) and cathode (12.25 cm2) were sandwiched
between graphite current collector plates so that the printed sides
of the electrodes were facing the graphite. Hence no additional
separator was needed. There was a gasket (thickness 250 lm)
between the anode and the cathode. The graphite plate on the
cathode side had holes, and the cell was activated via the holes
with 50 mg of glucose in 400 ll of buffer. The cell was connected
to a potentiostat with alligator clips from the graphite current
collectors.
2.4. Electrochemical measurements and data analysis
The electrochemical performance of the cells was measured
using multichannel potentiostat (BioLogic VMP) in two electrode
connection. At least three individual repetitions were measured
and the error bars were calculated as standard error of the mean
(SM). Student’s t-test was used to evaluate the statistical signiﬁ-
cance between measurement sets. All the measurements are listed
in Table 2.
In chronopotentiometry (CP) cells were measured at open cir-
cuit potential (OCP) for 1.5 h after which a constant current was
drawn from the cells until the cell potential decreased to 0 V. The
cell potential was recorded in 60 s intervals. The energy output
of the cells was calculated by integrating the area until the cell
potential decreased to (a) 200 mV and (b) 150 mV. In chronoam-
perometry (CA) cells were measured at OCP for 1.5 h after which
the cell potential was decreased from 300 mV to 0 mV in 25 mV
steps every 10 min. The steady state current was measured.
2.5. Characterisation of the morphology of the electrode
Thickness of the pilot printed electrodes was determined using
a Dektak stylus proﬁlometer. Roughness was measured using aWyko white light interferometer and the area measured was
0.91 mm  1.20 mm. Three Au layers were sputtered on top of
the samples prior to measurement. The number of samples was
at least three and three measurement points were analysed from
each sample.3. Results and discussion
3.1. Performance of the pilot anode ink 1
In our previous work we optimised the composition of the pilot
inks in the perspective of the drying process on the ROKO R2R
printing line [42]. However, the pilot anode ink 1 has a poor
mechanical stability rendering assembling of the cells difﬁcult.
The ink has also high water-solubility which reduces the func-
tionality and operational lifetime of the cell because the enzyme
is not immobilized into the ink and the electrical conductivity is
lost as the electrode wets. For this reason, the amount of binder
was increased in the laboratory experimental inks (see
Section 3.2).
As stability is one of the major issues in biobatteries, perfor-
mance of the pilot cells was investigated. The OCP and the maxi-
mum power density of 1 week old pilot cells is (343 ± 4) mV and
(0.40 ± 0.03) lW cm2 (at 225 mV), respectively. The energy out-
puts of the 1 week old pilot cells are (0.59 ± 0.09) lWh cm2
(Ecut-off = 200 mV) and (0.67 ± 0.09) lWh cm2 (Ecut-off = 150 mV).
Our fresh laboratory manufactured cells have an OCP of
(380 ± 8) mV [42]. This data suggests that already 1 week of storing
decreases the OCP and hence the power and energy outputs. After
10 weeks the performance of the cells has decreased close to zero,
which can be seen in Fig. 3. The inset of Fig. 3 shows that in
10 weeks the OCP has decreased to 200 mV indicating that either
the anodic and/or cathodic mediator is degrading.
In order to ﬁnd out whether it is the anode or the cathode side
of the cell that had degraded, 13 weeks old electrodes were tested
against newly manufactured electrodes. The fresh electrodes were
printed in laboratory on insulator paper using a semi-automatic
screen printer. The results of the CP measurements are seen in
Fig. 4a.
It can be seen that the cell performance is poor as both the
anode and cathode are stored for 13 weeks. The same is observed
with an aged anode and fresh cathode. In contrast, when a fresh
anode was tested with an aged cathode the performance of the
Fig. 2. A roll of printed bioelectrodes on cardboard.
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is limiting the performance of the cells. This interpretation agrees
with the results by Smolander et al. [39] and [50,51] where the
enzymatic stability of printed laccase on a paper substrate is sev-
eral months.
The next step was to investigate the degradation of the anode
mediator. This was done by adding small amount of the fresh
FeMeOH mediator into the activation electrolyte which was
injected into the aged anodes. Addition of aged FeMeOH was also
tested with electrolyte solutions prepared 1 and 2 weeks (stored
at 4 C) before the injection and measurement. Results of CP mea-
surements with addition of fresh and aged FeMeOH via the activa-
tion electrolyte can be seen in Fig. 4b.
These measurements showed that by adding the fresh mediator
solution on the anode side both OCP and energy output of the aged
cells increases. Addition of 1 mM fresh FeMeOH (0.2 lmol) is
enough to achieve the same performance level as with 1 weekold cells (the amount of printed mediator is approximately
1.3 lmol per electrode) which shows that the enzyme is still
active; 0.2 lmol of FeMeOH alone is not enough to produce the
electrical energy (25 lA h) discharged during the CP measurement.
However, 1 and 2 weeks old 1 mM FeMeOH solutions did not
increase the cell performance as much. This indicates that
FeMeOH rapidly either loses its ability to work as an electron shut-
tle between the enzyme and the carbon particles or there is a
chemical reaction that changes the FeMeOH to another compound
which has a higher redox potential (300–350 mV vs. Ag/AgCl) than
that of FeMeOH (200–250 mV vs. Ag/AgCl [42]).
Stability of ferrocene-based mediator has been studied earlier.
Wang et al. [45] and Patel et al. [26] developed ferrocene-based
systems showing 70% and 75% of the initial activity after one
month as samples were stored at 4 C and 25 C, respectively. A
study by Li et al. [22] reported a FeðCNÞ3=43 -based sensor retaining
78% of its initial performance after one month (stored at 4 C).
Table 2
Cells measured during this work.
Anode Age Cathode Age Number of cells Printing substrate (electrode size) Measurement
Cell 1 Pilot ink 1 1 wk Pilot ink 1 wk 3 Cardboard (9 cm2) CA
Cell 2 Pilot ink 1 1 wk Pilot ink 1 wk 6 Cardboard (9 cm2) CP, 10 lA
Cell 3 Pilot ink 1 3 wk Pilot ink 3 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 4 Pilot ink 1 5 wk Pilot ink 5 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 5 Pilot ink 1 11 wk Pilot ink 11 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 6 Pilot ink 1 13 wk Pilot ink 13 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 7 Pilot ink 1 13 wk Pilot ink 1 d 3 Cardboard/insulator paper (9 cm2) CP, 10 lA
Cell 8 Pilot ink 1 1 d Pilot ink 13 wk 3 Insulator paper/cardboard (9 cm2) CP, 10 lA
Cell 9 Exp ink 10 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 10 Exp ink 10.09 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 11 Exp ink 10.17 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 12 Exp ink 10.26 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 13 Exp ink 10.34 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 14 Exp ink 20.01 lmol nkatFeMeOH 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CA
Cell 15 Exp ink 20.03 lmol nkatFeMeOH 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CA
Cell 16 Exp ink 20.05 lmol nkatFeMeOH 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CA
Cell 17 Exp ink 20.08 lmol nkatFeMeOH 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CA
Cell 18 Exp ink 30 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 19 Exp ink 30.13 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 20 Exp ink 30.27 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 21 Exp ink 30.40 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 22 Exp ink 30.53 wt% chit 1 d Pilot ink 1 d 3 Insulator paper (12.25 cm2) CP, 15 lA
Cell 23 Pilot ink 2 1 wk Pilot ink 19 wk 3 Cardboard (9 cm2) CA
Cell 24 Pilot ink 2 1 wk Pilot ink 19 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 25 Pilot ink 2 3 wk Pilot ink 21 wk 3 Cardboard (9 cm2) CP, 10 lA
Cell 26 Pilot ink 2 5 wk Pilot ink 23 wk 3 Cardboard (9 cm2) CP, 10 lA
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Fig. 3. Curves of chronopotentiometric measurement (constant current of 10 lA)
and OCP (inset) of aged GOx/EcoL cells. Pilot anode ink 1 was used in these cells. The
geometrical area of the cells was 9 cm2. The data points represent mean ± SM
(n = 3–6).
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which showed 94% of the initial current after more than 6 month
storage period as dry at room temperature. These studies indicate
that the ferrocene-based redox-systems are fairly stable.
On the other hand, lyophilized GOx is very stable; at 0 C it is
stable for 2 years and at 15 C for 8 years [2]. In solution the sta-
bility of GOx is dependent on the pH; it is most stable at around pH
5 [49]. In a study by Liu et al. [23] there was nearly no decrease in
the GOx-based biosensor after storing the biosensor for 15 days at
4 C. Lawrence et al. [21] reported 98% of the initial performance of
a GOx-based biosensor after four months (stored at 4 C as dry). In
a study presented by Onda et al. [25], GOx was assembled with
polycations in the preparation of molecular ﬁlms. The ﬁlms that
were stored in water at 25 C showed drastic decrease in activity,
and approximately only 30% of the activity was retained after
4 weeks. The ﬁlms which were kept in a buffer at 4 C did not show
a signiﬁcant decrease in enzymatic activity over 14 weeks. The
ﬁlms stored in air at 4 C showed 10% decrease in the ﬁrst week
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The conclusion is that the stability of GOx-based bioelectronics is
highly dependent on the storing conditions, and low storing tem-
perature seems to be the key factor.
R2R screen-printed GOx-electrodes without FeMeOH (dried at
around 70 C during the printing process) retained approximately
60% of their initial activity as stored dry for one month (both at
room temperature and 4 C) [42]. However, the presence of
FeMeOH in the GOx-electrodes reduced the performance to
approximately 30% after one month. This leads to a conclusion that
the FeMeOH is the limiting factor in the case of storing stability of
GOx-electrodes. The reason for this is still unknown and this phe-
nomenon will be studied in the future. We speculate that FeMeOH
gets protonated during the ink preparation process by the succinic
acid (dicarboxylic acid) used for the stabilisation of GOx. This reac-
tion leads to elimination the hydroxyl group from FeMeOH forming
a-ferrocenyl carbocation (SN1 reaction on FeMeOH has been stud-
ied by Peljo et al. [28]). The formed a-ferrocenyl carbocation reacts
with the dicarboxylic acid forming an insoluble ferrocenecar-
boxylic acid compound, and thus leads to increase in the redox
potential of the mediator. Ferrocenecarboxylic acid has a redox
potential close to 350 mV vs. Ag/AgCl and has a voltammetric
response with GOx starting at 300 mV vs. Ag/AgCl [42]. This poten-
tial correlates well with the OCP of the aged cells.
Moreover, a reaction between a-ferrocenyl carbocation and the
cofactor of GOx (FAD) is also possible leading to denaturation of
GOx. If the enzyme and/or the mediator could be stabilised the
anode electrodes were more stable. For this reason, addition of chi-
tosan into experimental anode inks was tested in order to increase
stability. This topic is discussed more in the next chapter.amount of chitosan (wt% g-1GRAPHITE)
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Table 3
Average thickness and roughness of pilot printed anode ink 2 layers. The errors are
calculated standard deviations. The values of the pilot anode ink 1 are reprinted from
Tuurala et al. [42] with permission.
Anode ink 1 Anode ink 2
Thickness (lm) 103 ± 22 98 ± 21
Raa 9 ± 1 5.8 ± 0.7
Rqb 11 ± 3 7 ± 1
a Aritmetic mean.
b Quatratic mean.3.2. Optimisation of the anode ink
Experimental inks for the anode were made in order to improve
the printability and mechanical stability of the printed anode layer,
as well as enzyme and mediator stability. Adhesive behaviour of
graphite-based inks can be tailored by controlling the binder to
graphite ratio [30]. In addition, ink composition affects also stabil-
ity as delamination of thin ﬁlms increases in moist environment
[46]. Adding hydrophobic chitosan into the experimental anode
inks was tested to improve adhesive behaviour of the electrode.
This is kind of a passive corrosion protection which is typically
done by fabricating a hydrophobic ﬁlm that prevents wetting and
direct contact with water and/or corrosive liquids thus decreasing
corrosion (Samyn [37]). For an example, Höhne et al. [12] synthe-
sized superhydrophobic aluminium surfaces by depositing a chi-
tosan layer and poly(octadecene-alt-maleic anhydride) on micro-
roughened substrates. Ivanova and Philipchenko [15] developed a
method to make hydrophobic fabrics by using chitosan-based
hydrophobic nanoparticles. Song et al. [40] used chitosan-based
polymer to prepare durable superhydrophobic ﬁlms using a simple
and low-cost phase separation method. Hence, chitosan has been
used in many applications in order to add hydrophobicity to
surfaces.
Chitosan has also been successfully used as an immobilisation
and stabilisation polymer-matrix for enzymes [11,22,23,34,35,38,
43,47] as well as for iron-based redox couples [11,22,45] in numer-
ous studies. In the perspective of enzymes, PEO is essentially an
inert hydrophilic polymer [14], whereas chitosan is hydrophobic,
pseudo-natural cationic polymer [8,33]. In hydrophobic solvents
a higher amount of water remains associated with the enzyme
structure, and thus they exhibit higher activity in hydrophobic sol-
vents than in hydrophilic ones [32]. Additionally, cationic chitosan
is a suitable polymer for anionic GOx (pKa 4.2 [27]) because of
attractive forces induced by their opposite charges. Hence,hydrophobic characteristic of a chitosan-containing ink can protect
the enzyme from dehydration and prevent denaturation.
Moreover, chitosan may act as a stabiliser for FeMeOH. Chitosan
has nucleophilic amino groups that can be modiﬁed by mild
chemical reactions [31]. A chemical synthesis of a ferrocene-chi-
tosan based derivative is also possible [52] as well as a mild syn-
thesis process of a lactic acid-grafted chitosan copolymer [3].
Bhattarai et al. [3] dehydrated chitosan lactate salts for copoly-
merisation using heat (70–90 C) to form an amide linkage. This
synthesis process is very close to our electrode preparation process
where chitosan is mixed with succinic acid (at pH 4.5) and
FeMeOH. During the ink drying process one carboxylic acid func-
tional group of succinic acid molecule can react with one amine
group of chitosan and the other with a-ferrocenyl carbocation
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emphasised though that this reaction has not been veriﬁed and
will be studied in more detail in the future.
Addition of different amounts of chitosan and FeMeOH into the
anode ink was tested in order to increase printability, adhesion and
stability of the anode layers. CP and CA curves of three different
experimental anode inks are presented in Fig. 5. It can be seen that
addition of chitosan into the PEO-containing inks has effect on the
energy output (Fig. 5a). If there is low amount of PEO
(3.6 wt% g1GRAPHITE) in the ink, increasing amount of chitosan
increases the energy output. On the other hand, if there is a high
amount of PEO (7 wt% g1GRAPHITE) in the ink, increasing the amount
of chitosan decreases the energy output. However, in all the cases
higher amount of chitosan in the ink makes the printing process bet-
ter and increases the ink adhesion to the printing substrate. For this
reason, addition of small amount of chitosan is needed for good
printing process and print quality.
Addition of different amounts of FeMeOH into the ink was also
tested and it can be seen that there is a clear optimum (Fig. 5b). For
this particular ink composition, 0.03 lmol nkat1 (of GOx enzyme
activity) is the optimum. If the mediator amount is increased fur-
ther there is signiﬁcant drop in the power density most probably
due to denaturation of the enzyme by the excess amount of theFig. 6. An optical image (magniﬁcation 5.2) of the surface (0.91 mm  1.20 mm) of the an
the anode layer printed using the pilot anode ink 1 can be seen in the Supplementary mmediator. For this reason, 0.02 lmol nkat1 (of GOx enzyme activ-
ity) was seen as a safe amount of FeMeOH for the pilot anode ink 2.3.3. Performance of the pilot anode ink 2
On the bases of the anode ink optimisation experiments, the
amount of binder was doubled and in addition to PEO small
amount of chitosan was used in the pilot anode ink 2.
Furthermore, the amount of anodic mediator per dry ink was
approximately 2-fold compared to the pilot anode ink 1 to increase
the cell performance and stability. From the point of view of the
printing process, PEO seems to function well as a ﬂow-adding com-
ponent whereas chitosan adds viscosity to the ink. Thus com-
bination of PEO and chitosan resulted in better ink-ﬂow and
printing quality compared to the pilot anode ink 1.
The thickness of the new anode layer was the same as in the
previous batch (see Table 3). However, the roughness of the new
anodes was 36% lower than that of the anodes using pilot anode
ink 1. In addition, the surface topography (see Fig. 6) shows that
the difference between the highest and the lowest point of the sur-
face is around 50 lm whereas it was roughly 80 lm in the anodes
printed using the pilot ink 1 [42]. This means that the pilot anodeode layer printed using the pilot anode ink 2 on cardboard. The equivalent image of
aterial 5 (Fig. 3) of our previous publication [42].
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cess leading to more even print quality.
The electrochemical performance of the new anode batch was
also studied. The OCP of the 1 week old pilot cells is (341 ± 1) mV
and the maximum power density is (0.59 ± 0.02) lW cm2 (at
200 mV). The OCP is the same whereas the maximum power den-
sity is 1.5-fold compared to the cells fabricated using the pilot
anode ink 1 (see Fig. 7a). The energy outputs calculated from CP
measurements (Fig. 7b) are (0.88 ± 0.01) lWh cm-2 (Ecut-
off = 200 mV) and (1.07 ± 0.02) lW h cm-2 (Ecut-off = 150 mV), which
are 1.5-fold and 1.6-fold compared to those obtained with the pilot
anode ink 1, respectively. The increase in the electrochemical per-
formance is most probably due to 1.75-fold amount of mediator
per electrode compared to the mediator amount per electrode in
the case of the pilot anode ink 1. In addition, these values are in
good correlation with the laboratory manufactured cells (see
Section 3.2). Both the maximum power density and the energy out-
put (Ecut-off = 150 mV) are approximately two times higher than
that of laboratory manufactured cells which is explained by the
different printing screens. The ink layer is two times thicker in
the case of pilot printing; hence there is two times more enzyme
and mediator in the pilot printed electrodes.
Although we were able to increase the performance of the
printed bioanodes, the values achieved seem modest compared
to power densities of glucose/O2 biofuel cells studied by other
research groups. For an example, Zhou et al. [55] has demonstrated0
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(n = 3–6).a glucose dehydrogenase (GDH) laccase cell based on highly
ordered mesoporous carbon with power density of
38.7 lW cm2. Sakai et al. [36] build a high-power GDH/laccase
cell based on carbon-ﬁbre sheets which resulted in power density
of 1.45 mW cm2. In addition, Zebda et al. [54] fabricated a high-
power mediatorless GOx/laccase cell based on compressed multi-
walled carbon nanotubes and demonstrated a power density of
1.3 mW cm2. We want to emphasise though that they used much
higher amount of enzyme on the anodes than us; as the power out-
put is calculated by anode enzyme activity the numbers are differ-
ent 2.3 lWU-1, 12.9 lWU-1 and 0.3 lWU-1, respectively. Our
bioelectrodes contain approximately 0.7 U cm-2 of enzyme activity
and thus the power output is 0.8 lWU-1. In addition, the anode is
20–30 times thicker than in our case, which means smaller amount
of electrolyte in the anode compartment and thus higher mass-
transfer limitations.
We have previously reported an OCP, maximum power density
and energy output of (380 ± 8) mV, (1.4 ± 0.1) lW cm-2 and
(5.5 ± 0.2) lWh cm-2, respectively, for laboratory manufactured
cells [42]. The amount of GOx and FeMeOH in the electrodes pro-
duced in laboratory was approximately 0.6- and 4-fold, respec-
tively, compared to the pilot anode ink 2. In addition, the
laboratory-manufactured cells were printed on a different sub-
strate and dried at room temperature. Because there are many
variables that have been changed (the amount of enzyme and
mediator, printing substrate and drying temperature), inter-
pretation of the differences in the electrochemical performance is
not straightforward. However, these previous results together with
the above described experiments with the different FeMeOH con-
centrations (Figs. 4 and 5b) show that the amount of the mediator
plays an important role in the performance and stability of the
GOx-electrodes.
In addition to improved electrochemical behaviour, higher bin-
der amount results in a more rigid anode ink layer, decreasing the
delamination of the enzymatic layer from the conductive current
collector layer. This is observed as more reproducible samples
(i.e. decreased error bars in Fig. 7) and signiﬁcantly higher energy
outputs for stored samples as shown in Fig. 8. However, due to the
degradation process of the anode mediator the cells degrade at the
same pace regardless of the anode ink used.3.4. Conclusions
R2R printed enzymatic electrodes were manufactured on a
cardboard material. During assembling the cells it was observed
S. Tuurala et al. / Sensing and Bio-Sensing Research 4 (2015) 61–69 69that the anode ink layer cracked very easily as dry rendering the
assembling of the cells difﬁcult. The anode ink was also very water
soluble which decreases the functionality and operational lifetime
of the cells, because the enzymewas not immobilized properly into
the ink and the conductive layer was lost. The cathode ink layer
was more rigid than the anode ink and did not show any problems
during the cell assembly. In addition, the electrochemical perfor-
mance of the cells decreased dramatically during the storage due
to the self-degradation of the anodic mediator.
Due to the challenges with the ﬁrst pilot anode ink a new pilot
anode ink was fabricated containing two times more binder than
the initial one. In addition to PEO a small amount of chitosan
was added to the ink to increase the viscosity (i.e. better printabil-
ity) and adhesion of the ink as well as the enzyme and mediator
stability. Furthermore, two times higher amount of the mediator
was used compared to the initial anode ink, which lead to 1.75
times higher amount of the mediator per each electrode. The
new anode ink was tested in the R2R printing process and it func-
tioned better than the initial anode ink; the printed layers became
more rigid and did not crack during the assembly. In addition to
more facile printing process, approximately 1.5 times higher elec-
trochemical performance was obtained with the cells fabricated
from the latter ink compared to ones using the initial anode ink.
Moreover, the stability and reproducibility of the cells was
increased. However, the stability of the anode mediator was not
increased.
In the future, degradation of the anode side mediator will be
studied in more detail in order to increase the stability of the cells.
On the other hand, adding fresh mediator into the biobatteries dur-
ing their activation was shown to improve the performance, but
from the user point of view it is not practical. Another possibility
could be adding the mediator as a separate dry layer, as it is stor-
able as dry.
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